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ABSTRACT 

We briefly discuss the first direct experimental evidence from LEP2 on non- 
vanishing trihnear couphngs among the weak vector bosons. Subsequently we 
review the improved Born approximation to include radiative corrections. Pro- 
vided the appropriate high-energy scale is used for the SU(2) gauge-coupling, 
the improved Born approximation is sufficiently accurate for all practical pur- 
poses at LEP2. 
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The process of W-pair production in e"'"e~ annihilation is presently studied experimen- 
tally at LEP2. In the future, it will be one of the outstanding processes at a linear collider 
in the TeV energy range. The process of W-pair production yields direct experimental 
information on the non-Abelian couphngs characteristic for the SU{2) xU{l) electroweak 
theory and allows to put bounds on potential non-standard Z^W^W" and ^W^W" cou- 
plings [1,2]. Indeed, even after a fairly short time of running, LEP2 results from the L3 
collaboration have provided direct experimental evidence [3] for the existence of a gen- 
uine trilinear coupling between the members of the VT^, triplet characteristic for the 
non-Abelian structure of the basic Lagrangian. A vanishing genuine trilinear coupling in 
the basic electroweak Lagrangian, ^ = 0, is excluded at 95 % C.L. in a two-parameter, 
^, Ak^ = — 1, analysis of the experimental data, where denotes the electromagnetic 
dipole coupling of the . This is shown in fig. 1 taken from ref. [3]. The analysis of 
the experimental data, without much loss of generality, is based on custodial SU(2) sym- 
metry for the couplings among the vector bosons, i.e. on imposing restoration of SU(2) 
for vanishing electromagnetic coupling, e = [4,2]. Under this constraint, deviations from 
the standard value, of the Zy_^ dipole coupling, = 1, are proportional to Ak^, thus re- 
ducing the number of independent dim.4 couplings in the phenomenological vector-boson 
Lagrangian from three to two, the Z^W^W~ coupling, gzw+w-^ and the electromagnetic 
dipole coupling k-^ of the W^. In fig. 1, the experimental bounds on the deviations of 
these couplings from their Standard Model values, = 9zww ~ cot Q-w and Ak^ = — 1, 
are shown. 

In what follows, I will concentrate on briefly describing a simple approximate treatment 
of radiative correction to e+e" — > relevant at LEP2 energies. It is based on a recent 

paper in collaboration with Masaaki Kuroda and Ingolf Kuss [5], which in turn rests heavily 
on previous work by Bohm, Denner and Dittmaier [6]. Essentially, I wish to stress that an 
accuracy of the order of 0.5 % can be reached for the radiatively corrected differential cross 
section of e^e" — > W^W~ at LEP2 energies by supplementing the Born approximation 
by Coulomb corrections and initial-state-radiation. An appropriate choice of the scale, in 
particular for the SU(2) gauge coupling, and also for the electromagnetic coupling in the 
Born approximation is a prerequisite for obtaining this accuracy of approximately 0.5 %. 

The Born amplitude is most transparently derived [5] directly from the basic La- 
grangian of the SU{2) X U{1) theory by treating BW3 mixing perturbatively (to all orders 
of the mixing). Compare the Feynman diagrams in fig. 2. Upon replacing g'^ by via 
g'"^ = I {l — e/g^±), from the Feynman diagrams of fig. 2, one obtains the Born amplitude 
directly in terms of the SU(2) coupling, gw±, and the electromagnetic coupling, e, 

MBorn{'^,KA-,S,t) = gw±^^K-Ml + C^Mq, (1) 
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Figure 1: Contour curves of 68 % and 95 % confidence level in the {6z,^Hj) plane are 
shown as solid and dashed lines. Expectations due to vanishing ZWW and weak couplings, 
Qzww = and g = 0, are indicated by the dotted and dashed-dotted lines. (From [3]). 
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Figure 2: Evaluating the electroweak Born approximation in the BW3 basis. 
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with the weak isospin amphtude (modified by the replacement of M^± — > M| = (1 + 
9'"^ / 9w±)^w propagator via BW^ mixing) being given by 

while the electromagnetic amplitude has the double-pole structure 

/Vf2 

For the explicit form of the s-channel and t-channel quantities, Aig and Ait in terms of 
the kinematic variables s and t and the particle helicities we refer to ref. [7]. 

The calculation of the cross section for e^e^ W^W~ from (1) requires a specification 
of the scale at which the SU(2) gauge coupling, gw^^ and the electromagnetic coupling, e, 
in (1) are to be defined. As ly-pairs are produced at energies of 2My/± ^ ^/s ~ 2QQGeV at 
LEP2, it is natural to choose a high-energy scale, such as ^/s. We expect it to be sufficiently 
accurate to use the scale Mw = Mz instead of y^. Accordingly, we define Qw^i^w) by 
the leptonic branching ratio of the boson, VY [8], 

^7^4M^±)= 487r^. (4) 

The W branching ratio not being experimentally known with sufficient accuracy, it must 
be expressed in terms of the Fermi coupling, G^. The SU{2) gauge coupling then 
becomes fSl 



2 .^2 . _ 4v/2G,M^, 



where the one-loop correction, Ay^'-' , derives from the change of scale from fi^ decay, where 
Gfj, is defined, to decay. It (obviously) contains a sum of two contributions, 

A/^ = Ayff_ + Ayll (6) 

The fermion contribution, essentially due to contributions of the light leptons and quarks 
to the W propagator, leads to an increase of gw± , when taken by itself, as 

^yferJm,=180GeV = "7.79 X IQ-^^ (7) 

The bosonic contribution, on the other hand, with 

,sc 



Ayl^^ = 11.1 X 10- 



-"^The dependence on the mass of the top quark, rrit, is practically neghgible, as Ay^^^imj^oo 
-^^1^ --8.01-10-3. 
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leads to a decrease of gw^- The overall correction, 

A/^ = 3.3 X 10-^ (9) 

which is practically independent of the top quark and Higgs boson masses, thus results in 
a decrease of the coupling g]v±{M^±) in relative to the low-energy value, g^±{0) = 
4a/2G^M^±. Finally, we have to specify the electromagnetic coupling, e, in (|l]), which is 
given by [9] 

a-^(M|) = 128.89 ± 0.09. (10) 

Improving the Born approximation (|I]) by Coulomb corrections and initial state radia- 
tion [6], the differential cross section for pair production in e^e~ annihilation becomes 
[5] 





M^j6^-+A7ra{M'z)M^Q 

IBA ^-r 

pr+i^] ■ (11) 

COUl \a\LJ jgj^ 

We note that the weak interaction term in ( pi]) is dominant relative to the electromagnetic 



one. Accordingly, the effect of chosing the appropriate high-energy scale in g\Y± is most 
important and may easily be estimated. Neglecting A4q, the decrease of the normalized 
cross section due to Ay^'~^ ^ 0, 



O^IBA = 71£T , (12) 



^J^IBA — - 

becomes 

SAjBA ^ -2A/^ = -0.66%. (13) 

The quality of the improved Born approximation ([Tl| ) is obtained by adding 6Ajba to the 
quantity Ajba, which results from comparing ([IT]) for Ay^^ = with the full one-loop 
results [6,7,10]. The detailed numerical results results in Table 1 [5] indeed show that the 
improved Born approximation with inclusion of Ay^'-' ^ yields an accuracy below 1 %, 
which is sufficiently accurate for all practical purposes. 

We finally comment on the significance of the appropriate choice of the high-energy 
scale in the weak coupling, (^^(M^), with respect to recent one-loop calculations [11] which 
incorporate the decay of the into 4 fermions in a gauge-invariant formulation. These 
calculations take into account fermion-loops only. While interesting as a first step towards 
a full one-loop evaluation of e+e" — > 4 fermions, the numerical results of a calculation 
including fermion loops only can easily be estimated within the present framework of 
stable to enlarge the cross section appreciably. In fact, taking into account fermion 
loops only, the estimate (13) changes sign and becomes 

5AiBA\ferm ^ -2Ay^j^^Jrm=180GeV - +1-56%, (14) 
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angle 


unpolarized 


left-handed 




^IBA 






A/BA 




^IBA + ^^IBA 








V " 


161 GeV 






total 


1.45 


-0.72 


0.73 




1.45 


-0.72 


0.73 


10 


1.63 


-0.73 


0.90 




1.63 


-0.73 


0.90 


90 


1.44 


-0.72 


0.72 




1.44 


-0.72 


0.72 


170 


1.26 


-0.70 


0.56 




1.26 


-0.70 


0.56 








V " 


165 GeV 






total 


1.27 


-0.71 


0.56 




1.28 


-0.71 


0.57 


10 


1.67 


-0.74 


0.93 




1.67 


-0.74 


0.93 


90 


1.17 


-0.71 


0.46 




1.18 


-0.71 


0.47 


170 


0.75 


-0.67 


0.08 




0.77 


-0.67 


0.10 








V 


175 GeV 






total 


1.26 


-0.71 


0.55 




1.28 


-0.71 


0.57 


10 


1.71 


-0.75 


0.96 




1.71 


-0.75 


0.96 


90 


1.03 


-0.69 


0.34 




1.06 


-0.70 


0.36 


170 


0.59 


-0.62 


-0.03 




0.69 


-0.63 


0.06 








V 


184 GeV 






total 


1.02 


-0.70 


0.32 




1.06 


-0.71 


0.35 


10 


1.57 


-0.75 


0.82 




1.57 


-0.75 


0.82 


90 


0.67 


-0.68 


-0.01 




0.72 


-0.69 


0.03 


170 


0.10 


-0.58 


-0.48 




0.32 


-0.64 


-0.32 








^/i = 
V 


190 GeV 






total 


1.24 


-0.70 


0.54 




1.28 


-0.71 


0.57 


10 


1.67 


-0.74 


0.93 




1.67 


-0.75 


0.92 


90 


0.95 


-0.68 


0.27 




1.01 


-0.69 


0.32 


170 


0.58 


-0.57 


0.01 




0.83 


-0.59 


0.24 








v^ = 


205 GeV 






total 


1.60 


-0.70 


0.90 




1.65 


-0.71 


0.94 


10 


1.77 


-0.74 


1.03 




1.77 


-0.74 


1.03 


90 


1.55 


-0.66 


0.89 




1.64 


-0.68 


0.96 


170 


1.61 


-0.53 


1.08 




1.94 


-0.56 


1.38 



Table 1: The Table shows the quality of the improved Born approximation (IBA) for the 
total (defined by integrating over 10*^ ^ "(9 ^ 170°) and the differential cross section (for 
iy~ -production angles of 10°, 90° and 170°) for e+e~ — > W^W~ at various energies for 
unpolarized and left-handed electrons. The final percentage deviation, ^iba + ^^ibai of 
the IBA from the full one-loop result is obtained by adding the correction SI^iba resulting 
from using the appropriate high energy scale in the SU(2) coupling, to the percentage 
deviation, A/sa, based on using the low-energy scale in the SU(2) coupling, i.e. Ay^*" — 0. 
(From [5]) 
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and the total deviation from the full one-loop results (using /S.iba — 1-2% from Table 1) 
rises to values of 

^IBA + 5^IBa\ ferm — 

8%. (15) 

Accordingly, results from fermion-loop calculations including the decay of the are 
expected to overestimate the cross section by almost 3 % relative to the (so far unknown) 
outcome of a calculation of e+e~ — > 4 fermions including bosonic loops as well. It is 
gratifying, that a simple procedure immediately suggests itself for improving the large 
discrepancy (15). One simply has to approximate the bosonic loop corrections by using 
the substitution 

G.^G./il + Ayi":) (16) 

with Ay^os — 11-1 ^ 10^^ in the four-fermion production amplitudes. Substitution (16) 
practically amounts to using gw±[M^^) in four-fermion production as well. With substi- 
tution (16), it is indeed to be expected that the deviation of four-fermion production in 
the fermion-loop scheme will be diminished from the above estimated value of ~ 2.8% to 
a value below 1 %. 

In conclusion, evaluating the Born approximation for e+e~ — > W^W~ with the SU(2) 
gauge coupling and the electromagnetic coupling at the appropriate high-energy scale, and 
supplementing with Coulomb corrections and initial state radiation, yields differential cross 
sections which are sufficiently accurate for all practical purposes at LEP2. 

Calculations of e+e^ 4 fermions in the fermion-loop scheme overestimate the true 
cross section by a non-negligible amount, unless bosonic loops arc globally included by 
the appropriate choice of the SU(2) gauge coupling. And last not least, first experimental 
results from LEP2 gave direct experimental evidence for a non- vanishing trilinear coupling 
among the vector bosons characteristic for the non-Abehan structure of the SU{2) x U{1) 
electroweak theory. 
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